The use of tailored electromagnetic fields is considered to build solid-walled structures of specified geometry from random-shaped debris in Space. In previous work, a unified view had been established, linking experiments and theoretical results from optical, acoustic and long-wave electromagnetics to develop an expression for the acceleration per unit intensity on objects of given mass and size. The consideration was restricted to the Rayleigh scattering domain. This paper first uses the Rayleigh regime result to size the construction system for a 1-meter thick cylindrical radiation shield at 1 A.U. from the Sun. Next, the implications are explored, of exploiting Mie-regime interactions with beamed waves in this construction example. Order-of magnitude gains are obtained in acceleration per unit intensity, with the application being to position individual construction blocks in refining the construction.
Introduction
A fundamental issue facing the future of human ventures into Space is the construction of structures massive enough to provide long-term radiation shielding. In previous work we have investigated means of constructing such structures. (Komerath, 2001) and (Ganesh, 2002) considered the use of quasi-steady magnetic fields to build a 2-meter-deep outer structure for a 1 km-radius, 2 km-long cylinder at a Lagrangian point of the Earth-Moon system. This is sufficiently close to Earthbased resources that telepresence could be used to control and fine-tune the lunar resource extraction, shipment and assembly of the structure. For construction at distances too large for telepresence, other means must be considered. We considered the possibility of using a resonant field of radio waves to move pulverized rock into a cylindrical-shaped wall. This appears appropriate for the construction of a radiationsheltered outer wall of a station at one of the Lagrangian points L4 or L5 in the same orbit as Earth around the Sun. These regions are believed to hold a large number of solid objects of various sizes and compositions in stable orbits for durations of thousands of years, possibly including metallic objects, and carbonaceous objects with water ice inside. The technique we describe is also appropriate for constructing large vehicles to serve as Cyclers for routine transport to Mars or other solar system destinations. Being sufficiently far from large gravity centers, the "jitter" due to other forces was shown to be well under 1 micro-g, "g" being the acceleration due to gravity at Earth's surface. Thus, sustained accelerations of 1 micro-g are adequate to cause objects to drift into position over a few minutes, to form a cylindrical wall 50 meters in diameter. Sample calculations are shown in (Komerath, 2004) . Acceleration/unit intensity (m/Ws 2 ) Experiments in reduced gravity have shown that by tailoring potential fields a large number of particles can be moved into position along specified wall shapes in an acoustic field (Wanis, 1999) . Work on the interaction of wave fields and particles has been driven by various applications in different parts of the spectrum, as seen from (Barmatz, 1982) , (Brandt, 1989) , (Torr, 1984) . The present authors (Komerath, 2003) established a simple estimation for the acceleration per unit intensity which would act upon a particle of given size, unifying observations related to acoustic, ultrasonic, optical and microwave fields. The particle size was limited to 5% of the wavelength to stay inside the Rayleigh scattering domain. An example is shown in Figure 1 , where we see that the acceleration per unit intensity drops with increasing wavelength.
Particle radius, a (m) Figure 1 . Variation of acceleration per unit incident intensity with particle radius in the Rayleigh regime.
Radiation Force
A general relation expressing the radiation force, F, due to any type of wave motion in any isotropic medium is (Joyce, 1975) :
where W is the power carried in the wave, E is the energy/length, is the energy velocity, group velocity or particle velocity, c is the speed of wave propagation. Ashkin (Ashkin, 1970) utilized radiation pressure of a laser beam to accelerate and stably trap micron-sized particles. Here the radiation force is
where q is the fraction of light effectively reflected back, P is the laser beam power in watts, and c is the speed of light in the medium surrounding the particles. Forces up to 6.6x10 -10 N were achieved, yielding accelerations on the order of 10 5 g. It was found convenient to distinguish the radiation force by its two components: the scattering force and the gradient force. The scattering force is proportional to the scattering cross section of the particle, and thus proportional to the intensity of the incident wave. For scalar polarizability the force is in the direction of the Poynting vector. This force is due to the removal of momentum from the incident beam and is non-conservative (Ashkin, 1983b) . The gradient force is due to the interference of the scattered field with the incident field, and is proportional to the in-phase component of the particle's polarizability. This force is the same as that which would arise from an electric dipole and thus attracts the scatterer (electric dipole) to regions of highest intensity, i.e. points in the direction of the intensity gradient ∇I. The gradient force is a conservative force whose potential is the free energy of the particle (Ashkin, 1983b) . For stable positioning of particles a force equilibrium must be generated in all directions so that the particle would rest at the bottom of the potential well. The depth of the potential well is proportional to the incident intensity. The steepness and the shape of the potential well are governed by the intensity gradient ∇I (Rohrbach, 2001).
Scattering Regime Analysis
Studying the physics of scattering off particles in a tailored force field is essential to the proper design of a future space-based construction facility. For electromagnetic force fields Mie's theory (Grandy 2000) for scattering is applied to a dielectric sphere in an electromagnetic force field. The removal of momentum from the incident field by the particle corresponds to absorption or scattering. However, the radiation force on the particle is a result of the forward momentum transferred to the particle. If the particle diameter does not exceed 5% of the wavelength (Rayleigh scattering), the leading order terms dominate the partial-wave series, and thus provide simple analytic descriptions of the force. Here the scattered intensity is proportional to λ -4 . For particle diameters comparable to the wavelength, the full Mie scattering analysis must be used. Plots of the scattered intensity vs. angle are shown below to demonstrate the characteristic differences between Rayleigh and Mie scattering regimes. Plots were created in MiePlot v3.3.04 (Laven, 2002) . The material was assumed to be granite (with a real relative dielectric constant of 3 at radio frequencies), the surrounding medium being the vacuum of space, with dielectric constant of 1. Particle radius is taken to vary from 0.1m to 1m corresponding to Rayleigh and Mie scatterer's respectively. The maximum wavelength of operation to be used is 2m (150 MHz). It is clear that scattering in the Mie regime offers significantly higher forces -5 orders of magnitude higherthen Rayleigh scattering. For acoustic force fields, the analysis procedure is similar yet is simpler in the sense that we are solving for scattering of scalar waves. Expressions for the radiation forces produced on a particle scattering an incident wave are as follows for electromagnetic (Ashkin, 1986) and acoustic (Wang, 1998) and for both expressions, k, a, c are the wavenumber, particle radius, and speed of wave propagation, respectively. Notice the similar dependency of both forces on k 4 a 6 . It should be noted that this serves as a first step in the calculation of forces acting on the particles being positioned in the force field. The effect of setting up a resonant field greatly enhances the scattering forces by orders of magnitude. This is seen in the below equation for the acoustic radiation force on a rigid sphere in a resonant one-dimensional field. This force pushes the particle towards the pressure nodes (z = 0 and half wavelength integer multiples away). A force potential can be defined such that F = -dU/dz. For small values of kz, i.e. distances away from the nodes small in relation to the wavelength, the sin(2kz) can be approximated by 2kz. Thus, the radiation force then becomes similar to similar to a spring force with a "spring" constant equal to Likewise in an electromagnetic force field, as described above, there can also exist a gradient force (Ashkin, 1986) and corresponding gradient force potential given by: In what follows we perform an order of magnitude analysis outlined in (Ashkin, 1986) for estimating the stability of the particle in the potential well. As a sufficient trapping condition we set the ratio U grad /U noise > 10. We define U noise as the energy imposed on the particles while inside the potential well due to irradiance from solar wind. This is done by considering the spherical particle embedded in a flow of solar wind photons.
Solar wind pressure, P w , is estimated (McInnes, 1999) as , where m
p is the mass of a photon, ν w is the solar wind speed about 700 km/s, and ρ is the mean photon number density. This yields a P w = 3E-9 N/m 2 .
Applying Stokes flow theorem to this situation, we get a force, F stokes = 4πr 2 P w . Together with the conservative solar wind speed given above, we get a U noise equal to 6.6E-5 Watts. For a 10 W beam power the condition of U grad /U noise > 10 would be met. Interactions between particles have been observed in the context of optical binding (Burns, 1989) The energy of interaction of two optically coherent induced dipole moments depends inversely on separation distance multiplied by an oscillatory factor This leads to optically induced, self-organized bound states of the two dipoles with stable separations every wavelength at the positions where the induced force is zero and the interaction energy is a minimum.
One observation from our previous acoustic experiments is that once the field is on and the particles tend to their stable locations, they seem to be accelerated towards each other as they get closer to each other. This occurs until a "wall" is formedmade up of individual particles. The best explanation for this is the Bernoulli attraction between them, due to the flow pattern setup between two particles in close proximity. Other possible forces involved in an acoustic resonant field are Oseen forces, which are due to the waveform distortion and consequent presence of harmonic content (Hueter, 1965) .
Application to Space Based Construction
In the radiation shield application mentioned in the Introduction, Near-Earth Object (NEO) material, pulverized to an average particle size of 0.1m radius, is formed into desired shapes using the radiation pressure and gradient forces experienced by dielectric objects in a standing-wave field of radio waves, as conceptually sketched in Figure 7 . Figure 7 . Conceptual drawing of a large radiation-shield being formed using radio waves, from pulverized asteroidal material. Earth is shown much larger than it would be seen from the Near-Earth Object region at the Earth-Sun L-5.
The radio wave field is produced by solar-powered transmitter/antennae which are positioned in formation around the particle cloud to set up a resonant field of the desired mode. As a test case, formation of cylindrical shells is considered. Once in position, the particles are fused by solar-powered energy beams through a sintering process. As seen above from the Rayleigh and Mie calculations, it is clear that Mie scattering offers higher forces by orders of magnitude. The large cylindrical shape is conveniently formed using Rayleigh scattering of long-wavelength radio waves, from a cloud of random-shaped stones. Once formed into a crude cylindrical shape, gravity helps to keep the shape stable, and thus reduces the field required. Focused beams of shorter-wave radiation (microwaves) would then be used to relocate and manipulate individual blocks into position using the larger accelerations available from Mie scattering.
Depending on the materials available, several other techniques could be used, at different wavelengths -noting that the dielectric constant is a strong function of wavelength. Radiation at suitable wavelengths (generally much shorter than the radio waves used for positioning) would heat parts of the material to melting point. Alternatively, a binder material may be found which can be melted even as the larger blocks are drifting into position, to form a solid wall. Absorption crossovers in a resonant electromagnetic cavity are discussed in (Jackson, 1991) .
Conclusions
Mie scattering offers a five order of magnitude enhancement in the acceleration per unit intensity on the construction particles. As outlined above, this offers greater control over the particles during the construction procedure.
In the range of wavelengths considered in this project, dielectric materials suitable for construction experience variation in the dielectric constant that varies only slightly with frequency. This ensures that the frequencies used for collecting the particles into the desired shape are very far from the frequencies used to heat them.
The realization that such tailored force fields are indeed within practical conception is new. Further work is needed to brainstorm the implications of this finding, and develop architectures for exploiting this finding. The needed solar energy can be collected using large-array Space mirrors (Chilton, 1977) .
